Transgenic mouse models with knock-in (KI) expression of human mutant amyloid precursor protein (APP) and/or human presenilin 1 (PS1) may be helpful to elucidate the cellular consequences of APP and PS1 misprocessing in the aging brain. Age-related alterations in total numbers of neurons and in numbers of synaptophysin-immunoreactive presynaptic boutons (SIPB), as well as the amyloid plaque load were analyzed in the hippocampal dentate gyrus (DG), CA3, and CA1-2 of 2-and 10-month-old APP (-47.2%) and SIPB (-22.6%), specifically in CA1-2. PS1 homozygous KI mice showed an age-related increase in hippocampal granule cell numbers (+37.9%). Loss of neurons and SIPB greatly exceeded the amount of local extracellular Aβ aggregation and astrocytes, whereas region-specific accumulation of intraneuronal Aβ preceded neuron and synapse loss. An age-related increase in the ratio of SIPB to neuron numbers in CA1-2 of APP SL /PS1 homozygous KI mice was suggestive of compensatory synaptic plasticity. These findings indicate a region-selectivity in intra-and extraneuronal Aβ accumulation in connection with neuron and synapse loss in the hippocampus of APP SL /PS1 homozygous KI mice. Keywords 
Introduction
The mechanistic relationships among the neuropathologic hallmarks of Alzheimer's disease (AD) remain incompletely understood.
Early synaptic dysfunction and neuron loss in hippocampal and neocortical circuits are nowadays considered the strongest correlates of cognitive decline in AD [1] [2] [3] [4] . Supported by compelling genetic data on early-onset familial AD, the amyloid beta-peptide (Aβ)-centric theory holds that Aβ is involved in the pathogenesis of sporadic AD [2, 5] , although in recent years this view has been challenged [6, 7] . While different species and forms of Aβ aggregates exist, Aβ 42 has recently been suggested to be the most pathogenic [8] .
In addition, differential toxicity may exist between extracellular aggregates of thioflavin S-positive plaques, soluble Aβ aggregations in the form of oligomers, and intracellular Aβ species [9] [10] [11] .
The elucidation of the cascade of events and the contribution of human mutant amyloid precursor protein (APP), human presenilin 1 (PS1), and the various species and forms of Aβ to age-related neuron and synapse loss is far from conclusive [12] [13] [14] [15] [16] [17] [18] . Our initial study M146L under the control of the HMG promoter) was shown to be largely plaque-independent [11] , reinforcing the idea of complex interactions between neuron loss, Aβ deposits, intraneuronal Aβ, and PS1-mediated effects on hippocampal synaptic and neuronal integrity. mutations into the endogenous PS1 locus potentiates pathology to the extent that some lines begin to develop intraneuronal Aβ at about 2 months of age [19] , followed by the development of neuritic plaques in neocortex and hippocampus and impairment of cognitive function at the age of 6 months, as revealed using the Y-maze and the T-maze continuous alteration task [20] . Major deficits in long-term potentiation (LTP) have also been reported in the APP SL /PS1ho KI mice, as early as 6 months of age [19] [20] [21] . The APP SL /PS1ho KI model is of particular interest as it exhibits substantial age-related neuron loss in the pyramidal layer of the hippocampus (up to 50%) [22] , a finding supporting the notion that intraneuronal Aβ-species may posses toxic properties. However, the regional and temporal pattern of neuron and synapse loss in this model has not been described in detail.
The present study was designed to test the hypothesis that coexpression of human 
Experimental Procedures

Animals
The following groups of 2-month-old (M2) and 10-month-old (M10) mice were obtained 
Tissue Processing
Mice were anesthetized and perfused transcardially as previously described [11] .
The brains were rapidly removed from the skulls and halved in the sagittal plane. The left hemispheres were cryoprotected by immersion in 30% sucrose, quickly frozen and cut into series of 30 μm-thick coronal sections. numbers of neurons as previously described [11] , assuming that the space within a given region in the hippocampus occupied by extracellular Aβ aggregates and surrounding astrocytes would have contained neurons at the same mean neuronal density as the other parts of this region. The unreconstructed numbers of neurons that were used to determine the mean neuronal density of a region were estimated as described above. The reconstructed numbers of neurons were used throughout the study and referred to as the total number of neurons.
Image analysis
The sections immunohistochemically labeled for synaptophysin were used to determine the SIPB densities in regions of the hippocampus mentioned above as described in [15] . Briefly, 
Calculation of SIPB numbers and SIPB-to-neuron ratio
Total uncorrected SIPB numbers were calculated by multiplying the SIPB densities with the corresponding volume data in each animal. To take the impact of Aβ deposits on SIPB numbers into account, the percent volume occupied by Aβ deposits and Aβ aggregationrelated alterations in SIPB morphology in SM, SL, and SR was subtracted from the total volume of the investigated hippocampal subregions.
Multiplying these values by the corresponding SIPB densities resulted in corrected SIPB numbers, which were used throughout the study and referred to as total SIPB numbers.
Because SIPB densities were analyzed in one focal plane, it should be noted that the calculated SIPB numbers are not unbiased [24] .
The calculations did not take the dimensions of the investigated parameter, i.e. 1/μm 2 (SIPB density) and mm 3 (volume) into account.
Distribution plots for SIPB size were obtained [15] . These plots were comparable among animals, and the average SIPB size was not dependent on the plane of section.
SIPB-to-neuron ratios were obtained for each animal by dividing the corrected total SIPB numbers with the reconstructed total number of neurons per hippocampal subregion. Note that this ratio is dimensionless as it is obtained from calculated SIPB numbers. Table 1 . Details of the stereologic counting procedure used to evaluate total neuron numbers in the hippocampus.
Statistical analysis
Obj., objective used; B and H, base and height of the unbiased virtual counting frames; Dx and Dy, distance between the unbiased virtual counting frames in orthogonal directions x and y; t, measured actual average section thickness after histologic processing; Σ CS, average sum of unbiased virtual counting frames used; Σ Q -, average number of counted neurons; CE, average predicted coefficient of error of the estimated total neuron numbers (according to [26] Figure 3I ), and 70.2% higher compared to 6-month-old animals (p < 0.001; Figure 6C ). In contrast, the mean SIPBto-neuron ratio in the DG of PS1ho KI mice did not differ between 10-month-old and 2-month-old animals ( Figure 3G ).
Results
Discussion
Summary of results
The aims of the present study were to test the Ultimately, the pathologic outcome is likely to be reflected by functional changes of the Schaffer collaterals that are highly layer-specific Table 2 ; results of post-hoc Bonferroni tests for pairwise comparisons between animals in groups M2 and M10 of the same genotype are indicated in the graphs. *, p < 0.05; **, p < 0.01. 
Strengths and limitations of the study
Reduction of synaptophysin immunoreactivity in the hippocampus was found to be an early marker in human AD [27] . Furthermore, a loss of synapses is one of the prime correlates with cognitive decline and the duration of dementia in AD patients [28, 29] . The relation between synapse loss and the classical neuropathological hallmarks, such as Aβ plaques and neurofibrillary tangles, has not been fully elucidated [30] . Exploring this reports [11, 15] .
Our study however has some limitations.
First, the low number of mice in certain groups (particularly 6-month-old mice) may have decreased the statistical power of nding [53] , calcium homeostasis [54] , and fast axonal transport [55] . However, findings from our previous study on 17-monthold PS1 M146L mice suggest that mutant PS1 may have structural effects in a regionspecific manner at a later age [15] . and supports further evidence in the literature suggesting a role for of PS1 in neurogenesis [56] [57] [58] .
In conclusion, the APP SL /PS1ho KI mouse model as investigated in our study provides a model to investigate hippocampal regionspecific differences in interactions between altered APP and PS1, the consequent production and accumulation of various 
